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Abstract
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In response to inflammation stimuli, tumor necrosis factor-α (TNF-α) induces expression of cell
adhesion molecules (CAMs) in endothelial cells (ECs). Studies have suggested that the nuclear
factor-κB (NF-κB) and the p38 MAP kinase (p38) signaling pathways play central roles in this
process, but conflicting results have been reported. The objective of this study is to determine the
relative contributions of the two pathways to the effect of TNF-α. Our initial data indicated that
blockade of p38 activity by chemical inhibitor SB203580 (SB) at 10 μM moderately inhibited
TNF-α-induced expression of three types of CAMs; ICAM-1, VCAM-1 and E-selectin, indicating
that p38 may be involved in the process. However, subsequent analysis revealed that neither 1 μM
SB that could completely inhibit p38 nor specific knockdown of p38α and p38β with small
interference RNA (siRNA) had an apparent effect, indicating that p38 activity is not essential for
TNF-α-induced CAMs. The most definitive evidence to support this conclusion was from the
experiments using cells differentiated from p38α knockout embryonic stem cells. We could show
that deletion of p38α gene did not affect TNF-α–induced ICAM-1 and VCAM-1 expression when
compared with wild type cells. We further demonstrated that inhibition of NF-κB completely
blocked TNF-α-induced expression of ICAM-1, VCAM-1 and E-selectin. Taken together, our
results clearly demonstrate that NF-κB, but not p38, is critical for TNF-α-induced CAM
expression. The inhibition of SB at 10 μM on TNF-α-induced ICAM-1, VCAM-1 and E-selectin is
likely due to the nonspecific effect of SB.
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INTRODUCTION
Tumor necrosis factor-α (TNF-α) is a pleiotropic cytokine produced by many types of cells
and was originally identified on the basis of its ability to cause necrosis in certain cells. It is
now known that TNF-α can elicit a wide range of pathological-physiological responses
*
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including inflammation, cell proliferation and differentiation, in addition to its ability to
induce cell death [Beyaert and Fiers, 1994]. The pleiotropic effect of TNF-α is due to the
fact that it activates multiple signaling pathways in different cells, which independently or
coordinately regulates various cellular processes [Gaur and Aggarwal, 2003]. The wide
variety of TNF-α elicited responses depends on cell types and their physiological states.
Therefore, the signaling pathways that mediate the effects of TNF-α in different cells
require specific investigation.

Author Manuscript
Author Manuscript

Endothelial cells (ECs) form the barrier between the blood and surrounding tissues. Under
normal conditions, ECs maintain blood stream that allows the continuous flow of plasma
and blood cells. During inflammation, ECs become activated and participate in
inflammatory responses through the expression of pro-inflammation genes, including
cytokines, chemokines and growth factors [May and Ghosh, 1998]. Among a wide variety of
molecules induced, TNF-α elicits rapid expression of cell adhesion molecules (CAMs) at the
surface of endothelium, such as E-selectin, vascular cell adhesion molecule-1 (VCAM-1),
and intercellular cell adhesion molecule-1 (ICAM-1). These molecules mediate
transmigration of leukocytes from blood stream to the underlying inflammatory tissues.
Depending on the anatomical locations and developmental stages of the vasculatures, the
expression of CAMs in different types of ECs may vary [Aird, 2007]. For instance, Eselectin is expressed in most types of ECs in response to cytokines, but it is not inducible in
embryonic endothelium [Milstone et al., 2000]. ICAM-1 can be induced in lung, kidney,
liver, and heart, whereas VCAM-1 is also induced in these organs except in lung [Aird,
2007]. While these differences are well recognized among ECs of different origins, the vast
majority of in vitro experiments use human umbilical vein ECs (HUVECs) and human
microvascular ECs (HMVECs) since they are easy to obtain and to maintain in culture. As a
result, our knowledge of the signaling pathways that regulate CAM expression at the cellular
level is primarily derived from HUVECs, and to a lesser extent, HMVECs [Aird, 2007].
Even in these cells, the precise regulatory mechanisms are not well understood.
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TNF-α activates several intracellular signaling pathways, of which the nuclear factor-κB
(NF-κB) and the p38 MAP kinase (p38) pathways are the most studied [Gaur and Aggarwal,
2003]. NF-κB is a transcription factor that resides in the cytoplasm of unstimulated cells in
an inactive form through its association with the inhibitory protein inhibitor-κB (I-κB). Cell
stimulation by TNF-α triggers degradation of I-κB through proteolysis, which allows the
translocation of NF-κB from cytoplasm to the nucleus where it activates gene transcription
[May and Ghosh, 1998; Gaur and Aggarwal, 2003]. The members of p38 family, consisting
of p38α, p38β, p38γ and p38δ, regulate diverse cellular functions by phosphorylating
transcription factors, such as AP-1, ATF-2 and CREB or other enzymes [Ono and Han,
2000]. p38α is widely expressed in most cell types and is the first isoform discovered for its
role in endotoxin-induced inflammatory response and osmotic shock [Lee et al., 1994; Ono
and Han, 2000]. In many cells, TNF-α simultaneously activates NF-κB and p38, which may
independently or synergistically regulate the effect of TNF-α [Baud and Karin, 2001;
Grivennikov et al., 2006], but the detailed mechanisms of their action and the relative
contributions are not well understood. In the case of TNF-α-induced CAMs in ECs, a
pivotal role for NF-κB has been convincingly demonstrated [Denk et al., 2001], but the
involvement of the p38 pathway is controversial. For instance, it has been shown that TNFJ Cell Biochem. Author manuscript; available in PMC 2015 May 06.
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α-induced ICAM-1 was inhibited by p38 inhibitors in HUVECs [Ju et al., 2003; Westra et
al., 2005], but other reports suggested that similar treatments showed no effect [Goebeler et
al., 1999; Pietersma et al., 1997; Zhou et al., 2007]. Likewise, studies by Fitau et al. [Fitau et
al., 2006] and by Zhou et al.[Zhou et al., 2007] showed that p38 inhibitors did not affect
TNF-α-induced VCAM-1, but other investigators reported otherwise [Ju et al., 2003; Lin et
al., 2005; Pietersma et al., 1997]. Similar confusions have been reported for E-selectin [Read
et al., 1997; Laferriere et al., 2001; Kuldo et al., 2005; Westra et al., 2005]. In epithelial
cells, using an I-κBα negative mutant and SB inhibitors, Holden et al. [Holden et al., 2004]
convincingly demonstrated that TNF-α-induced ICAM-1 expression was highly NF-κBdependent but p38-independent in A549 epithelial cell line. Whereas, in the same cells,
Clarke et al.[Clarke et al., 2007] reported that TNF-α-induced ICAM-1 and VCAM-1
expression was significantly down-regulated by siRNA knockdown of p38 or by SB203580
inhibitors. Apparently, the same controversy regarding the role of p38 in TNF-α-induced
CAMs reported in ECs also exists in epithelial cells.
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Many of the aforementioned studies utilized pharmacological inhibitors of the p38 pathway.
The most widely used in the literature are pyridinyl imidazole derivatives including
SB203580 (SB), which effectively inhibits p38α and p38β, but not p38γ and p38δ [Gum et
al., 1998; Cuenda et al., 1995]. However, non-specific effects of SB to several other kinases
have been reported [Coffey et al., 2002; Lali et al., 2000; Davies et al., 2000], which likely
contributed to the above-described discrepancies in different studies. Therefore, an accurate
assessment of the relative contributions of NF-κB and p38 to TNF-α-induced gene
expression is not only important for understanding their cellular function, but also critical
for the development of therapeutic drugs based on NF-κB and p38 inhibitors [Zhang et al.,
2007; Karin, 2005]. Using small interference RNA (siRNA) in combination with inhibitors,
we demonstrated that TNF-α-induced expression of CAMs did not require p38 activity. This
conclusion was further confirmed in cells that were differentiated from p38α knockout
embryonic stem cells in which p38α expression is completely eliminated at the gene level.
Our data further revealed that NF-κB inhibitors blocked TNF-α-induced expression of
VCAM-1, ICAM-1, and E-selectin under the conditions where p38 was actually activated.
This interesting result is unexpected but further supports the conclusion that p38 is not
required for TNF-α-induced VCAM-1, ICAM-1, and E-selectin expression whereas the
activation of NF-κB is essential and sufficient for mediating the effect of TNF-α.

MATERIALS AND METHODS
Endothelial Cell Culture and Cell Treatment
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Human umbilical vein ECs (HUVECs) and culture media were purchased from Clonetics.
Cells were maintained in endothelial growth medium-2 (EGM-2) containing 5% fetal calf
serum (FCS) at 37 °C in a humidified incubator (5% CO2, 95% air) as previously described
[Yang et al., 2004]. Cells from three to eight passages were used. For experiments, EGM-2
was changed to M199 medium containing 1% FCS and cells were treated with human TNFα 10ng/ml (or otherwise indicated) under various conditions as specified in individual
experiments.
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Mouse Embryonic Stem Cell (ESC) Culture, Differentiation, and Characterization of
Differentiated Cells
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Generation and characterization of mouse wild type (p38α+/+) and p38α knockout (p38α−/
−) ESCs have been previously described [Allen et al., 2000]. ESCs were maintained in
complete ESC culture medium at 37°C in a humidified atmosphere at 5% CO2, as described
in detail in our previously published studies [Guo et al., 2007]. ESC differentiation was
carried out according to published protocols [Yamashita et al., 2000; McCloskey et al.,
2006] with some modifications. Briefly p38α+/+ and p38α−/− ESCs were seeded at the
density of 104 cells/cm2 in 25 cm flasks coated with 10 μg/ml Type IV collagen (BD
Biosciences) and cultured in ESC medium for the first day, the medium was then switched
to α-MEM-medium that contains 5% FCS and 5% serum supplement (Invitrogen). To
increase the differentiation potential of ESCs to ECs, 20ng/ml mouse VEGF and 20ng/ml
bFGF were added to the medium. After five-day differentiation, the culture medium was
changed to EGM-2 medium supplemented with 10ng/ml VEGF and refreshed every other
day. After five-day incubation, differentiated cells formed confluent monolayers that contain
enriched population of ECs. The cells were dissociated with trypsin and cultured in EGM-2
medium. Cells from two passages were used. For experiments to analyze TNF-α induced
CAM expression, the cell treatments are essentially the same as described for HUVECs
except that mouse TNF-α (Invitrogen) was used.
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Immunocytochemical identification of ECs has been previously described in detail [Guo et
al., 2007]. Briefly, fixed cells were permeabilized with PBS containing 0.25% Triton X-100
for 30 min. After being blocked in 2% bovine serum albumin and 5% preimmune serum, the
cells were incubated with anti-PECAM-1 and anti-VE-cadherin antibodies (BD
Biosciences). The positive cells were detected by fluorescein isothiocyanate (FITC) with a
fluorescence microscope.
Matrigel in vitro tube formation assay was performed according to the method described by
McCloskey et al. [McCloskey et al., 2006]. Matrigel (300μl, BD Biosciences) was added to
wells of a 24-well plate and allowed to solidify for 30 min at 37°C. After matrigel was
solidified, 5,000 ESC-differentiated cells were suspended in 0.5 ml EGM-2 medium and
added to matrigel-coated wells. The cells were then incubated for 24 h and examined for
tube (network) formation and photographed with a phase-contrast microscope.
siRNA Transfection of HUVECs
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siRNAs targeting p38α (5′-AAACAAUGUUCUUCCAGUCAACAGC-3′ and 5′GCUGUUGACUGGAAGAACAUUGUUU-3′), p38β (5′GCGAAGUGUACUUGGUGAC-3′ and 5′-GUCACCAAGUACACUUCGC-3′), and
negative control siRNA were obtained from Invitrogen. HUVECs at 60–70% confluence
were transfected with siRNA at the final concentration of 20 nM using Lipofectamine
(Invitrogen) or DharmaFECT (Dharmacon) according to the manufacturer’s instructions.
Five hours after transfection, the medium was replaced with fresh EGM-2. The cells were
used for experiments after 30–48 h of further incubation.

J Cell Biochem. Author manuscript; available in PMC 2015 May 06.
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RNA extraction and RT-PCR analysis have been described previously [Guo et al., 2007].
Briefly, total RNA was extracted from cells with Tri-reagent (Sigma). cDNA was prepared
by reverse transcription using M-MLV reverse transcriptase (Sigma). The specificity of PCR
products was determined by dissociation curve and confirmed by agarose gel
electrophoresis. Quantitative real time PCR (qRT-PCR) was performed using the SYBR
green jumpstart TAQ readymix (Sigma) on a MX3000P Real-time PCR system (Stratagene).
Sequences for the primer sets were as follows:
HUVECs:
β-actin, forward: 5′-CATGTACGTTGCTATCCAGGC-3′, reverse: 5′CTCCTTAATGTCACGCACGAT-3′
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ICAM-1, forward: 5′-AGAGGTCTCAGAAGGGACCG-3′, reverse: 5′GGGCCATACAGGACACGAAG-3′
VCAM-1, forward: 5′- ATGCCTGGGAAGATGGTCG-3′, reverse: 5′GACGGAGTCACCAATCTGAGC-3′
E-selectin, forward: 5′-GATGAGAGGTGCAGCAAGAA-3′, reverse: 5′CTCACACTTGAGTCCACTGAAG-3′
Mouse ESC-differentiated cells:
β-actin, forward: 5′-CATGTACGTAGCCATCCAGGC -3′, reverse: 5′CTCTTTGATGTCACGCACGAT-3′
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ICAM-1, forward: 5′-GGCATTGTTCTCTAATGTCTCCG-3′, reverse:5′GCTCCAGGTATATCCGAGCTTC -3′
VCAM-1, forward: 5′-CCAAATCCACGCTTGTGTTGA -3′, reverse: 5′GGAATGAGTAGACCTCCACCT-3′
The mRNA level from qRT-PCR was calculated using the comparative Ct method [Pfaffl,
2001]. β-actin mRNA was used as a calibrator for the calculation of relative mRNA levels of
tested genes as previously described [Guo et al., 2007].
Cell Lysate Preparation and Western-blot Analysis
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HUVECs were lysed in M-PER mammalian cell protein extraction buffer (Pierce)
supplemented with a cocktail of protease inhibitors. After being kept on ice for 30 min, the
extracts were centrifuged at 10,000g for 15 min at 4 °C. The supernatant was designated as
the cell lysate and used for Western-blot analysis as previously described [Guo et al., 2001].

RESULTS
Activation of p38 and NF-κB by TNF-α
Upon TNF-α stimulation, p38 and NF-κB are quickly activated. The early activation of
these two pathways in turn activates other enzymes or transcription factors, which ultimately
regulate TNF-α-induced physiological responses [Gaur and Aggarwal, 2003]. Fig. 1A shows
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the time course of TNF-α-induced p38 and NF-κB activation by Westernblot analysis.
Activation of p38 requires phosphorylation of a threonine and a tyrosine residue in its active
site. Therefore, phosphorylation on these two residues, which can be detected by phosphospecific antibodies, has often been used to indicate its activation [Guo et al., 2001]. The
phosphorylated p38 (pp38) was detected with an anti-pp38 antibody (Cell Signaling) at 5
min treatment and reached maximum at 15 min treatment; thereafter, their activities declined
to the basal level. The activation of p38 was further assessed by the phosphorylation of heat
shock protein 27 (HSP27, a downstream component of the p38 pathway) with anti-pHSP27
antibodies (Santa Cruz Biotechnology). The phosphorylated HSP27 (pHSP) was detected at
the time points corresponding to p38 activation (pp38). NF-κB is retained in the cytoplasm
of unstimulated cells by I-κB. TNF-α treatment induces I-κB degradation and results in NFκB translocation from cytoplasm to the nucleus. Therefore, degradation of I-κB is often used
as an indicator of early activation of the NF-κB pathway. As shown in Fig. 1A, at 5 min
treatment with TNF-α, I-κB was significantly reduced and was completed degraded by 15
min. It was re-synthesized 2 h after treatment. The above results represent typical activation
patterns of p38 and NF-κB by TNF-α in ECs.

Author Manuscript

To evaluate the roles of p38 and NF-κB in mediating the effects of TNF-α, we used 10 μM
SB and 100 μM PDTC (pyrrolidinedithiocarbamate, Sigma), the concentrations commonly
used in the literature, to inhibit p38 and NF-κB, respectively. As shown in Fig. 1B, p38
activation by TNF-α was indicated by the levels of pp38 and pHSP27. SB slightly reduced
p38 phosphorylation (pp38) but completely inhibited p38 activity as judged by the level of
pHSP27 (pHSP). Likewise, TNF-α-induced degradation of I-κB was significantly attenuated
by PDTC, which is widely used to inhibit the NF-κB pathway. As additional controls, we
also tested the effect of SB and PDTC alone. It is interesting to note that PDTC by itself
activated p38 as indicated by pp38 and pHSP27 while SB alone had no effect on either p38
activation or the I-κB degradation (Fig. 1B).
TNF-α-induced CAM Expression and the Effects of p38 and NF-κB Inhibitors

Author Manuscript

The above experiments demonstrated the short-term responsiveness of HUVECs to TNF-α
and the expected effects of SB and PDTC. Since an essential role of NF-κB in TNF-αinduced expression of CAMs has been well recognized, we focused on the investigation of
the contribution of the p38 pathway to TNF-α-induced expression of three types of CAMs;
ICAM-1, VCAM-1, and E-selectin. RNA isolated from treated cells for 24 h was analyzed
with qRT-PCR. As shown in Fig. 2, TNF-α strongly induced expression of all the three
CAMs. Pretreatment of cells with 10 μM SB inhibited TNF-α-induced ICAM-1, VCAM-1
and E-selectin transcription by 40%, 34% and 47%, respectively (Fig. 2, graph). We further
confirmed the effect of SB on TNF-α-induced ICAM-1 expression by Western-blot with an
anti-ICAM-1 antibody (Santa Cruz Biotechnology) under the same experimental conditions.
Consistent with qRT-PCR results, SB inhibited TNF-α-induced ICAM-1 at the protein level
(Fig. 2, inset). In this experiment, we also tested PDTC, which significantly reduced TNF-αinduced ICAM-1 as expected. SB or PDTC alone had no effect on the expression of
ICAM-1. Similar inhibitory effect of SB at 10 μM or above on TNF-α-induced ICAM-1
and/or VCAM-1 have been reported at the transcription or protein levels in ECs [Ju et al.,
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2003; Pietersma et al., 1997; Lin et al., 2005] and in epithelial cells [Clarke et al., 2007;
Woo et al., 2005].
Effects of SB at Different Concentrations on TNF-α-induced p38 Activation and Expression
of CAMs
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The results from the above experiments would indicate that p38 contributed to the
expression of all three types of CAMs. Although reported with IC50 of 0.6 μM [Cuenda et
al., 1995], SB is widely used at the concentrations of 5–20 μM in many in vitro experiments.
To eliminate the nonspecific effect of SB on TNF-α-induced CAM expression, it is
necessary to use SB at the lowest concentration that maximally inhibits p38 activity.
Therefore, we examined the effect of SB on TNF-α–induced p38 activation at different
concentrations. As shown in Fig. 3A, SB inhibited TNF-α-induced p38 activation in a dosedependent manner as judged by HSP27 phosphorylation (pHSP27). It exhibited a strong
inhibitory effect even at the concentration as low as 0.1 μM with a complete inhibition at 1
μM. p38 phosphorylation (pp38) was only slightly reduced at all concentrations tested. This
is explained by the fact that p38 is primarily phosphorylated by the upstream kinase MKK6,
which is insensitive to SB. The slightly reduced pp38 is likely due to SB-inhibited p38
autophosphorylation [Kang et al., 2006]. We then tested the effect of SB at 0.5 μM and 1 μM
SB on TNF-α-induced ICAM-1. As shown in Fig. 3B, neither concentration of SB had an
apparent effect on TNF-α-induced ICAM-1 at the protein level. The previous experiment
analyzed the effect of 10 μM SB on TNF-α-induced mRNA of CAMs at a 24 h time point
(Fig. 2). We performed the same experiment to test the effect of different concentrations of
SB at 5 h after TNF-α treatment. As shown in Fig. 3C, SB did not inhibit TNF-α-induced
ICAM-1, VCAM-1 and E-selectin, either at 0.5 μM or 1 μM. It is interesting to note that,
even at 10 μM, SB only inhibited VCAM-1, but not ICAM-1 or E-selectin expression at 5 h
of TNF-α treatment (Fig. 3C). This is somewhat different from the results obtained from 24
h treatment at which the expression of all three CAMs was inhibited by 10 μM SB (Fig. 2B).
These results indicate that SB (10 μM) could exert its effect at different steps of CAM
expression in response to TNF-α and its effect may be observed at different time points
depending on different CAMs. Since 1 μM SB is the minimal concentration that can
completely inhibit p38 activation, examining the involvement of the p38 pathway in
mediating the effect of TNF-α at this concentration may be able to reduce the non-specific
effect. At this concentration, SB did not affect CAM expression induced by 10 ng/ml or 50
ng/ml TNF-α (Fig. 3D). We then performed a time course study, as shown in Fig. 3E, SB
did not have significant effect on TNF-α-induced CAM expression at time points tested
except that VCAM-1 expression was moderately decreased at 9 h and 12 h. Taken together,
these results indicate that the p38 pathway is not critical for TNF-α–induced CAM
expression although it might modulate the expression of VCAM-1 at certain steps.
Knockdown of p38α and p38β by siRNA Did Not Affect the Expression of TNF-α-induced
CAMs
The results from the above experiments indicate that the inhibitory effect of 10 μM SB on
the expression of CAMs may be associated with nonspecific effect. To prove this
hypothesis, we used specific p38α and p38β siRNA to knock down their expression. As
shown in Fig. 4A, treatment of HUVECs with p38α siRNA (Siα) and p38β siRNA (Siβ)
J Cell Biochem. Author manuscript; available in PMC 2015 May 06.
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effectively reduced the expression of each isoform as determined with specific antibodies of
p38α (Cell Signaling) and p38β (kindly provided by Dr. J. Han, the Scripps Institute) (Fig.
4A, -TNF). p38α siRNA treatment dramatically reduced pp38 and pHsp27 in response to
TNF-α while p38β siRNA treatment showed a moderate effect (Fig. 4A). These results
demonstrate the downstream effect of p38 knockdown. They also suggest that p38α is the
dominant isoform that mediates the effect of TNF-α. We then examined TNF-α-induced
ICAM-1 in cells treated with siRNA. Contrary to the inhibitory effect of SB observed at 10
μM (Fig. 2), knockdown of p38α or p38β affected neither TNF-α-induced ICAM-1 (Fig. 4B,
+TNF) nor the basal level of ICAM-1 (Fig. 4B, −TNF). The effectiveness of knockdown of
p38α by siRNA was confirmed in the same blot in which p38α was dramatically reduced
(Fig. 4B). We further analyzed the effects of p38α and p38β knockdown on TNF-α-induced
ICAM-1, VCAM-1 and E-selectin by qRT-PCR. Fig. 4C shows that knockdown of p38α
and p38β did not significantly affect mRNA levels of the three CAMs at 5 h treatment.
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p38α Knockout Did Not Affect TNF-α-induced ICAM-1 and VCAM-1 Expression in ESCdifferentiated Cells
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Although siRNA can specifically knock down their targets, a general concern is that they
may be unable to completely repress the target gene expression and that the knockdown
efficiency may vary from experiment to experiment. By using p38α knockout (p38α−/−)
cells, in which p38α expression is completely eliminated at the gene level, we can avoid the
shortfalls associated with siRNA approach. We have recently reported that, like p38α+/+
ESCs, p38α−/− ESCs can differentiate into ECs, smooth muscle cells and neurons [Guo et
al., 2007]. In this study, we used a modified method that favors EC differentiation.
Undifferentiated ESCs are small round cells that grow in colonies (Fig. 5A). After
differentiation for 10 days, the cells derived from p38α+/+ and p38α−/−ESCs formed
confluent monolayers without apparent differences (Fig. 5B, only p38α+/+ are shown).
Although the differentiated cells contain other types of cells (primarily smooth muscle cells
as judged by their expression of smooth muscle α-actin, data not shown), a large population
of cells is ECs that can be identified by their expression of EC specific markers PECAM-1
(Fig. 5 C, D) and VE-cadherin (data not shown). Forming tube (network)-like structures on
matrigel is an important feature of ECs [Vailhe et al., 2001] and has been used to
characterize the ESC-derived ECs [McCloskey et al., 2006]. Undifferentiated ESCs formed
large clumps on matrigel (Fig. 5E) while differentiated p38α+/+ and p38α−/− cells (Fig. 5,
F and G) assembled into network structures (Fig. 5, E, F and G), similar to HUVECs (Fig. 5,
H) that was used as a positive control. These results are in agreement with our previous
conclusion that deletion of p38α does not compromise the ability of ESCs differentiation to
ECs [Guo et al., 2007]. More importantly, undifferentiated ESCs do not respond to TNF-α
[Allen et al., 2000] whereas our differentiated cells acquired this ability.
In response to TNF-α, ESC-derived cells expressed ICAM-1 and VCAM-1 but not Eselectin, which may be due to incomplete maturation. These cells were also less responsive
to TNF-α treatment in short-term (5 h). Therefore, we analyzed TNF-α-induced ICAM-1
and VCAM-1 expression in cells treated for 24 h. As shown in Fig. 6A, p38α deletion does
not affect the effect of TNF-α since similar levels of ICAM-1 and VCAM-1 were induced in
p38α+/+ and p38α−/−cells. To test whether p38β plays a role in mediating the effect of
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TNF-α, we treated the cells with 1μM SB, which inhibits both p38α and p38β. SB did not
significantly alter the expression of ICAM-1 and VCAM-1 either in p38α+/+ (Fig. 6B) or in
p38α−/− cells (data not shown). These results confirm that neither p38α (judged from
knockout cells) nor p38β (judged from SB treatment) is required for TNFα–induced
ICAM-1 and VCAM-1 expression.
NF-κB Inhibitors Blocked TNF-α-induced Expression of CAMs with Concurrent p38
Activation
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It is interesting to note that PDTC by itself strongly activated p38 (Fig. 1B). This result
prompted us to further investigate how the effect of PDTC on p38 correlates with its
inhibition of TNF-α-induced CAMs. We first analyzed the long-term effect of PDTC alone
or in combination with TNF-α on p38 activation. As shown in Fig. 7A, PDTC alone
strongly activated p38 at 24 h incubation (PDTC). p38 activation in cells treated with TNF-α
alone was very low and was virtually the same as in the control experiment. However,
strong p38 activation was detected in cells treated with the combination of PDTC and TNFα (TNF+PDTC). It is noted that this was the same condition under which the expression of
ICAM-1 was inhibited by PDTC (Fig. 2, blot). A time course analysis revealed that PDTC
activated p38 as early as 30 min exposure as judged by the phosphorylation of HSP27 and it
lasted to the entire course of the experiment (2 h, Fig. 7B). p38 activation was detectable at
50 μM PDTC treatment and reached maximal at 100 μM (Fig. 7C). To test if there is a
correlation between PDTC induced p38 activation and NF-κB inhibition, we analyzed
different concentrations of PDTC on TNF-α stimulated CAM expression. PDTC inhibited
TNF-α-induced expression of E-selectin, ICAM-1 and VCAM-1 in a dose-dependent
manner, which correlates but is not proportional to p38 activation level (data not shown).
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We further tested another commonly used NF-κB inhibitor, MG-132 (MG,
benzyloxycarbonyl-leucinyl-leucinyl-leucinal), a peptide-based proteasome inhibitor that
blocks NF-κB activation by preventing I-κB degradation [Lee and Goldberg, 1998]. As
shown in Fig. 7D, MG inhibited TNF-α-induced Iκ-B degradation and caused accumulation
of phospho-I-κB [Lee and Goldberg, 1998] (upper band, TNF+MG) as expected. It also
activated p38 with a similar time course to PDTC. The inhibitory effect of PDTC and MG
on TNF-α induced CAMs was further demonstrated at the mRNA level. Fig. 7E illustrated
that 10 μM MG or 100 μM PDTC completely inhibited the TNF-α-induced expression of Eselectin, ICAM-1 and VCAM-1. This result, similar to that obtained with genetic approaches
[Jiang et al., 2004; Denk et al., 2001; Viemann et al., 2004; Kuldo et al., 2005], suggested
that the NF-κB pathway is essential and sufficient for TNF-α-induced CAM expression
whereas p38 activity is not critical.
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DISCUSSION
The involvement of NF-κB and p38 in the regulation of inflammatory responses has been
intensively investigated. However, understanding their precise roles is a challenging task
since inflammation involves numerous cytokines, growth factors, and chemokines, many of
which often simultaneously activate p38 and NF-κB in many cells. Furthermore, the degree
of activation of the two pathways may vary depending on cell types and the nature of
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stimuli. As a result of these complications and the different experimental approaches used,
inconsistent and even conflicting results have been reported. This study intends to clarify the
confusion regarding the relative contributions of the NF-κB and p38 pathways to TNF-αinduced expression of ICAM-1, VCAM-1 and E-selectin by a combination of different
approaches.
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Our initial results showed that 10 μM SB inhibited TNF-α induced expression of ICAM-1,
VCAM-1 and E-selectin in HUVECs. Similar observations have been reported by other
investigators in ECs [Ju et al., 2003; Pietersma et al., 1997; Lin et al., 2005] or in epithelial
cells [Clarke et al., 2007; Woo et al., 2005]. These results would indicate that p38 was
required in mediating TNF-α-induced CAMs. Although identified as a specific inhibitor for
p38α and p38β with IC50 of 0.6 μM [Cuenda et al., 1995], SB is widely used at the
concentrations of 5–20 μM. Like many other chemical inhibitors, non-specific effect of SB
on other kinases has been reported [Coffe et al., 2002; Lali et al., 2000; Davies et al., 2000].
It is possible that the inhibitory effect of SB at 10 μM on TNF-α-induced CAM expression
in HUVECs could be associated with the off target effect; thereby, contributing to the
discrepancies reported in different studies. This speculation was first indicated by the results
that SB at 1 μM completely blocked p38 activation without affecting TNF-α-induced
ICAM-1 and E-selectin expression although it slightly reduced VCAM-1 expression at 9 h
and 12 h treatment. This result indicates that overall p38 plays an insignificant role in
mediating the effect of TNF-α. The results from siRNA experiments further support this
conclusion. We recognized the fact that p38 expression may not be completely knocked
down by siRNA, thus, its contribution to the effect of TNF-α might be underestimated.
However, our data derived from p38α−/− cells, in which p38α expression is completely
eliminated at the gene level, clearly demonstrated that p38 activity is not essential for TNFα–induced ICAM-1 and VCAM-1 expression since similar results were obtained from wild
type and p38α−/−cells, and that SB at 1 μM did not affect the effect of TNF-α as found in
HUVECs. The present study used a modified ESC differentiation method that significantly
enriched EC differentiation. Differentiated ECs display the important features of mature ECs
and are responsive to TNF-α. However, we recognized the fact that the ESC-differentiated
cells are not a pure EC population and that E-selectin was not induced in response to TNF-α
as described by other investigators [Milstone et al., 2000]. Nevertheless, we believe that
these factors do not prevent us from drawing the above stated conclusion.
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The essential role of the NF-κB pathway in TNF-α-induced expression of CAMs has been
convincingly demonstrated by studies using pharmacological inhibitors and by genetic
approaches [Jiang et al., 2004; Denk et al., 2001; Viemann et al., 2004; Kuldo et al., 2005].
A study by Denk et al. showed that overexpressing dominant negative I-κB, which is
resistant to proteolysis, completely blocked TNF-α-induced expression of ICAM-1,
VCAM-1 and E-selectin [Denk et al., 2001]. They concluded that the NF-κB pathway was
both essential and sufficient for the TNF-α effect, which would imply that other signaling
pathways, including the p38 pathway, was not required. A recent report by Viemann et al.
[Viemann et al., 2004] further supports this conclusion. Using microarray method, they
identified 58 out of 13000 genes that were significantly up-regulated by TNF-α in HUVECs.
Virtually all of these genes depended on NF-κB activity as demonstrated by the expression
of a dominant-negative mutant of IKK2. Only the expression of 13 genes appeared to be
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modulated by p38. It seems that the role of p38 pathway in mediating the effect of TNF-α in
ECs is not as critical as it was originally thought [Viemann et al., 2004]. Our results are in
agreement with these studies regarding the essential role of NF-κB in mediating TNF-αinduced expression of CAMs. They also clearly indicate that the p38 pathway is not
essential for TNF-α–induced CAM expression.
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Recent studies have shown that both PDTC and MG-132 themselves can activate p38 and
AP-1 transcription activity [Wu et al., 2004; Hartsfield et al., 1998], but the implication of
this finding in the context of these compounds as NF-κB inhibitors and their effects on TNFα regulated gene expression was not evaluated. Therefore, we investigated how TNF-αactivated p38 activity was affected when NF-κB was blocked by these inhibitors. We
showed that both PDTC and MG strongly inhibited TNF-α-induced NF-κB activation and
subsequent expression of ICAM-1, VCAM-1 and E-selectin, concurrent with strong p38
activation. An interesting question is whether the p38 activation caused by PDTC or MG is
associated with NF-κB inhibition. Mechtcheriakova et al. [Mechtcheriakova et al., 2001]
showed that over-expressing dominant negative IKK2, the kinase that phosphorylates I-κB,
blocked TNF-α-induced NF-κB activation but had no effect on p38 activity in HUVECs.
This result suggests that our observation of PDTC- or MG-induced p38 activation is a
separate event from their inhibition of TNF-α-activated NF-κB pathway. Once NF-κB is
inhibited, TNF-α-induced CAM is blocked regardless of the activation status of the p38
pathway. Apparently, PDTC and MG not only inhibit NF-κB, but also activate p38 through
a mechanism (s) that we currently do not know. These agents have been useful tools to
identify the role of the NF-κB pathway in mediating the effect of TNF-α, but their
nonspecific effects must be carefully considered like any other chemical inhibitors.
Nevertheless, unlike in the case of SB, the critical role of NF-κB in TNF-α-induced gene
expression initially identified by PDTC has been convincingly confirmed by genetic
approaches [Jiang et al., 2004; Denk et al., 2001; Viemann et al., 2004; Kuldo et al., 2005].
Several drugs for treatment of inflammatory disorders based on NF-κB and p38 inhibitors
have been developed or are undergoing clinical trials [Zhang et al., 2007; Karin, 2005]. It is
now becoming increasingly important to understand the relative contributions of the NF-κB
and the p38 pathways to TNF-α-induced responses. Our data further emphasize that the
conclusions based on the results from pharmacological inhibitors have to be sustained by the
results from other approaches. A careful consideration of their off-target effects is critically
important to develop specific drugs for the treatment of inflammatory diseases.

Acknowledgments
Author Manuscript

We thank Mississippi Functional Genomics Network for the use of the facility (supported by P20RR016476 from
the National Center for Research Resources).
Contract grant sponsor: NIH; Contract grant numbers: HL081126 and HL082731 (Y-L.G.)

References
Aird WC. Phenotypic heterogeneity of the endothelium: I. structure, function, and mechanisms. Circ
Res. 2007; 100:158–173. [PubMed: 17272818]

J Cell Biochem. Author manuscript; available in PMC 2015 May 06.

Rajan et al.

Page 12

Author Manuscript
Author Manuscript
Author Manuscript
Author Manuscript

Allen M, Svensson L, Roach M, Hambor J, McNeish J, Gabel CA. Deficiency of the stress kinase
p38{alpha} results in embryonic lethality: characterization of the kinase dependence of stress
responses of enzyme-deficient embryonic stem cells. J Exp Med. 2000; 191:859–870. [PubMed:
10704466]
Baud V, Karin M. Signal transduction by tumor necrosis factor and its relatives. Trend Cell Biol. 2001;
11:372–377.
Beyaert R, Fiers W. Molecular mechanisms of tumor necrosis factor-induced cytotoxicity. What we do
understand and what we do not. FEBS Lett. 1994; 340:9–16. [PubMed: 8119415]
Clarke CJ, Truong TG, Hannun YA. Role for Neutral sphingomyelinase-2 in tumor necrosis factor
{alpha}-stimulated expression of vascular cell adhesion molecule-1 (VCAM) and intercellular
adhesion molecule-1 (ICAM) in lung epithelial cells: p38 MAPK IS AN UPSTREAM
REGULATOR OF nSMase2. J Biol Chem. 2007; 282:1384–1396. [PubMed: 17085432]
Coffey ET, Smiciene G, Hongisto V, Cao J, Brecht S, Herdegen T, Courtney MJ. c-Jun N-terminal
protein kinase (JNK) 2/3 is specifically activated by stress, mediating c-jun activation, in the
presence of constitutive JNK1 activity in cerebellar neurons. J Neurosci. 2002; 22:4335–4345.
[PubMed: 12040039]
Cuenda A, Rouse J, Doza YN, Meier R, Cohen P, Gallagher TF, Young PR, Lee JC. SB 203580 is a
specific inhibitor of a MAP kinase homologue which is stimulated by cellular stresses and
interleukin-1. FEBS Letters. 1995; 364:229–233. [PubMed: 7750577]
Denk A, Goebeler M, Schmid S, Berberich I, Ritz O, Lindemann D, Ludwig S, Wirth T. Activation of
NF-kappa B via the I-kappa B kinase complex is both essential and sufficient for proinflammatory
gene expression in primary endothelial cells. J Biol Chem. 2001; 276:28451–28458. [PubMed:
11337506]
Fitau J, Boulday G, Coulon F, Quillard T, Charreau B. The adaptor molecule lnk negatively regulates
tumor necrosis factor-{alpha}-dependent VCAM-1 expression in endothelial cells through
inhibition of the ERK1 and -2 pathways. J Biol Chem. 2006; 281:20148–20159. [PubMed:
16644735]
Gaur U, Aggarwal BB. Regulation of proliferation, survival and apoptosis by members of the TNF
superfamily. Biochem Pharmacol. 2003; 66:1403–1408. [PubMed: 14555214]
Goebeler M, Kilian K, Gillitzer R, Kunz M, Yoshimura T, Brocker EB, Rapp UR, Ludwig S. The
MKK6/p38 stress kinase cascade is critical for tumor necrosis factor-alpha -induced expression of
monocyte-chemoattractant protein-1 in endothelial cells. Blood. 1999; 93:857–865. [PubMed:
9920834]
Grivennikov, SI.; Kuprash, DV.; Liu, Z.; Nedospasov, SA. Intracellular signals and events activated by
cytokines of the tumor necrosis factor superfamily: from simple paradigms to complex
mechanisms. In: Kwang, WJ., editor. international review of cytology a survey of cell biology.
Academic Press; 2006. p. 129-161.
Gum RJ, McLaughlin MM, Kumar S, Wang Z, Bower MJ, Lee JC, Adams JL, Livi GP, Goldsmith EJ,
Young PR. Acquisition of sensitivity of stress-activated protein kinases to the p38 inhibitor, SB
203580, by alteration of one or more amino acids within the ATP binding pocket. J Biol Chem.
1998; 273:15605–15610. [PubMed: 9624152]
Guo YL, Kang B, Han J, Williamson JR. p38beta MAP kinase protects rat mesangial cells from TNFalpha-induced apoptosis. J Cell Biochem. 2001; 82:556–565. [PubMed: 11500933]
Guo YL, Ye J, Huang F. p38alpha MAP kinase-deficient mouse embryonic stem cells can differentiate
to endothelial cells, smooth muscle cells, and neurons. Dev Dyn. 2007; 236:3383–3392. [PubMed:
17994546]
Hartsfield CL, Alam J, Choi AMK. Transcriptional regulation of the heme oxygenase 1 gene by
pyrrolidine dithiocarbamate. FASEB J. 1998; 12:1675–1682. [PubMed: 9837857]
Holden NS, Catley MC, Cambridge LM, Barnes PJ, Newton R. ICAM-1 expression is highly NFkappaB-dependent in A549 cells. No role for ERK and p38 MAPK. European Journal of
Biochemistry. 2004; 271:785–791. [PubMed: 14764095]
Jiang MZ, Tsukahara H, Ohshima Y, Todoroki Y, Hiraoka M, Maeda M, Mayumi M. Effects of
antioxidants and nitric oxide on TNF-[alpha]-induced adhesion molecule expression and NF-

J Cell Biochem. Author manuscript; available in PMC 2015 May 06.

Rajan et al.

Page 13

Author Manuscript
Author Manuscript
Author Manuscript
Author Manuscript

[kappa]B activation in human dermal microvascular endothelial cells. Life Sciences. 2004;
75:1159–1170. [PubMed: 15219804]
Ju H, Behm DJ, Nerurkar S, Eybye ME, Haimbach RE, Olzinski AR, Douglas SA, Willette RN. p38
MAPK inhibitors ameliorate target organ damage in hypertension: Part 1. p38 MAPK-dependent
endothelial dysfunction and hypertension. J Pharmacol Exp Ther. 2003; 307:932–938. [PubMed:
14561851]
Kang YJ, Seit-Nebi A, Davis RJ, Han J. Multiple activation mechanisms of p38{alpha} mitogenactivated protein kinase. J Biol Chem. 2006; 281:26225–26234. [PubMed: 16849316]
Karin M. Inflammation-activated protein kinases as targets for drug development. Proc Am Thorac
Soc. 2005; 2:386–390. [PubMed: 16267367]
Kuldo JM, Westra J, Asgeirsdottir SA, Kok RJ, Oosterhuis K, Rots MG, Schouten JP, Limburg PC,
Molema G. Differential effects of NF-{kappa}B and p38 MAPK inhibitors and combinations
thereof on TNF-{alpha}- and IL-1{beta}-induced proinflammatory status of endothelial cells in
vitro. Am J Physiol Cell Physiol. 2005; 289:C1229–C1239. [PubMed: 15972838]
Laferriere J, Houle F, Taher MM, Valerie K, Huot J. Transendothelial migration of colon carcinoma
cells requires expression of e-selectin by endothelial cells and activation of stress-activated protein
kinase-2 (SAPK2/p38) in the tumor cells. J Biol Chem. 2001; 276:33762–33772. [PubMed:
11448946]
Lali FV, Hunt AE, Turner SJ, Foxwell BMJ. The pyridinyl imidazole inhibitor SB203580 blocks
phosphoinositide-dependent protein kinase activity, protein kinase B phosphorylation, and
retinoblastoma hyperphosphorylation in interleukin-2-stimulated T cells independently of p38
mitogen-activated protein kinase. J Biol Chem. 2000; 275:7395–7402. [PubMed: 10702313]
Lee DH, Goldberg AL. Proteasome inhibitors: valuable new tools for cell biologists. Trend Cell Biol.
1998; 8:397–403.
Lee JC, Kumar S, Griswold DE, Underwood DC, Votta BJ, Adams JL. Inhibition of p38 MAP kinase
as a therapeutic strategy. Immunopharmacology. 2000; 47:185–201. [PubMed: 10878289]
Lee JC, Laydon JT, McDonnell PC, Gallagher TF, Kumar S, Green D, McNulty D, Blumenthal MJ,
Keys JR, Land vatter SW, Strickler JE, McLaughlin MM, Siemens IR, Fisher SM, Livi GP, White
JR, Adams JL, Young PR. A protein kinase involved in the regulation of inflammatory cytokine
biosynthesis. Nature. 1994; 372:739–746. [PubMed: 7997261]
Lin SJ, Shyue SK, Hung YY, Chen YH, Ku HH, Chen JW, Tam KB, Chen YL. Superoxide dismutase
inhibits the expression of vascular cell adhesion molecule-1 and intracellular cell adhesion
molecule-1 induced by tumor necrosis factor-{alpha} in human endothelial cells through the
JNK/p38 pathways. Arterioscler Thromb Vasc Biol. 2005; 25:334–340. [PubMed: 15576639]
May MJ, Ghosh S. Signal transduction through NF-[kappa]B. Immunol Today. 1998; 19:80–88.
[PubMed: 9509763]
McCloskey KE, Smith DA, Jo H, Nerem RM. Embryonic stem cell-derived endothelial cells may lack
complete functional maturation in vitro. J Vas Res. 2006; 43:411–421.
Mechtcheriakova D, Schabbauer G, Lucerna M, Clauss M, De Martin R, Binder BR, Hofer E.
Specificity, diversity, and convergence in VEGF and TNF-{alpha} signaling events leading to
tissue factor up-regulation via EGR-1 in endothelial cells. FASEB J. 2001; 15:230–242. [PubMed:
11149911]
Milstone DS, O’Donnell PE, Stavrakis G, Mortensen RM, Davis VM. E-selectin expression and
stimulation by inflammatory mediators are developmentally regulated during embryogenesis. Lab
Invest. 2000; 80:943–954. [PubMed: 10879744]
Ono K, Han J. The p38 signal transduction pathway: activation and function. Cell Signal. 2000; 12:1–
13. [PubMed: 10676842]
Pfaffl MW. A new mathematical model for relative quantification in real-time RT-PCR. Nucl Acids
Res. 2001; 29:e45. [PubMed: 11328886]
Pietersma A, Tilly BC, Gaestel M, de Jong N, Lee JC, Koster JF, Sluiter W. P38 mitogen activated
protein kinase regulates endothelial VCAM-1 expression at the post-transcriptional level. Biochem
Biophys Res Comm. 1997; 230:44–48. [PubMed: 9020057]
Read MA, Whitley MZ, Gupta S, Pierce JW, Best J, Davis RJ, Collins T. Tumor necrosis factor alphainduced E-selectin expression is activated by the nuclear factor-kappaB and c-JUN N-terminal

J Cell Biochem. Author manuscript; available in PMC 2015 May 06.

Rajan et al.

Page 14

Author Manuscript
Author Manuscript
Author Manuscript

kinase/p38 mitogen-activated protein kinase pathways. J Biol Chem. 1997; 272:2753–2761.
[PubMed: 9006914]
Davies SP, Reddy H, Caivano M, Cohen P. Specificity and mechanism of action of some commonly
used protein kinase inhibitors. Biochem J. 2000; 351:95–105. [PubMed: 10998351]
Vailhe B, Vittet D, Feige JJ. In vitro models of vasculogenesis and angiogenesis. Lab Invest. 2001;
81:439–452. [PubMed: 11304563]
Viemann D, Goebeler M, Schmid S, Klimmek K, Sorg C, Ludwig S, Roth J. Transcriptional profiling
of IKK2/NF-{kappa}B– and p38 MAP kinasedependent gene expression in TNF-{alpha}–
stimulated primary human endothelial cells. Blood. 2004; 103:3365–3373. [PubMed: 14715628]
Westra J, Kuldo JM, van Rijswijk MH, Molema G, Limburg PC. Chemokine production and Eselectin expression in activated endothelial cells are inhibited by p38 MAPK (mitogen activated
protein kinase) inhibitor RWJ 67657. Int Immunopharmacol. 2005; 5:1259–1269. [PubMed:
15914330]
Woo CH, Lim JH, Kim JH. VCAM-1 upregulation via PKC{delta}-p38 kinase-linked cascade
mediates the TNF-{alpha}-induced leukocyte adhesion and emigration in the lung airway
epithelium. Am J Physiol Lung Cell Mol Physiol. 2005; 288:L307–L316. [PubMed: 15489375]
Wu WT, Chi KH, Ho FM, Tsao WC, Lin WW. Proteasome inhibitors up-regulate haem oxygenase-1
gene expression: requirement of p38 MAPK (mitogen-activated protein kinase) activation but not
of NF-kappaB (nuclear factor kappaB) inhibition. Biochem J. 2004; 379:587–593. [PubMed:
14731112]
Yamashita J, Itoh H, Hirashima M, Ogawa M, Nishikawa S, Yurugi T, Naito M, Nakao K, Nishikawa
S. Flk1-positive cells derived from embryonic stem cells serve as vascular progenitors. Nature.
2000; 408:92–96. [PubMed: 11081514]
Yang BH, Cao DJ, Colman RW, Guo Y-L. Different roles of ERK and p38 MAP kinases during tube
formation from endothelial cells cultured in 3-dimensional collagen matrices. J Cell Physiol. 2004;
2004:360–369. [PubMed: 15254963]
Zhang J, Shen B, Lin A. Novel strategies for inhibition of the p38 MAPK pathway. Trend Pharmacol
Sci. 2007; 28:286–295.
Zhou Z, Connell MC, MacEwan DJ. TNFR1-induced NF-[kappa]B, but not ERK, p38MAPK or JNK
activation, mediates TNF-induced ICAM-1 and VCAM-1 expression on endothelial cells. Cell
Signal. 2007; 19:1238–1248. [PubMed: 17292586]

Author Manuscript
J Cell Biochem. Author manuscript; available in PMC 2015 May 06.

Rajan et al.

Page 15

Author Manuscript
Author Manuscript
Fig. 1. Activation of p38 and NF-κB by TNF-α (A) and the effects of inhibitors (B)
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(A), HUVECs were stimulated with TNF-α for the time indicated. p38 activation was
detected by Western-blot using anti-phospho-p38 antibodies that recognize both phosphop38α/β (pp38) and by pHSP27. NF-κB activation was indicated by the degradation of I-κB.
β-actin was used as a control for protein loading. (B), Con, cells without TNF treatment;
TNF, cells treated with TNF for 15 min; TNF+SB, cells pretreated with SB (10 μM) for 60
min followed by TNF for 15 min; TNF+PDTC, cells pretreated with PDTC (100 μM) for 60
min followed by TNF for 15 min; SB and PDTC, cells treated with SB or PDTC alone,
respectively. p38 and NF-κB activation and protein loading were analyzed by the same
methods as described in (A). The results are representative of similar experiments repeated
three times. The molecular weight markers are indicated on the left side of the blots.
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Fig. 2. TNF-α-induced CAM expression and effects of p38 and NF-κB inhibitors
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qRT-PCR analysis of TNF-α-induced CAMs and effect of SB (graph): Con, cells without
TNF-α treatment; TNF, cells treated with TNF-α for 24 h; TNF+SB, cells pretreated with
SB (10 μM) for 60 min followed by TNF-α for 24 h. Total RNA was extracted from treated
cells. The mRNA levels of CAMs were determined by qRT-PCR in triplicates. The mRNA
of each gene determined from control experiment was set as 100 %. Western blot analysis of
ICAM-1 expression and effects of SB and PDTC (inset): Cells were treated under the same
conditions as described for qRT-PCR analysis. TNF+PDTC, cells treated with PDTC (100
μM) for 60 min followed by TNF-α for 24 h; SB and PDTC, cells treated with SB or PDTC
alone, respectively. The data are representative of two independent experiments with similar
results.
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Fig. 3. Effects of SB at different concentrations on TNF-α-induced p38 activation and CAM
expression
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(A), Inhibition of p38 activation by SB. Cells were treated with SB at different
concentrations as indicated for 60 min followed by TNF-α for 15 min. p38 activation was
determined by the levels of pHSP27 (pHSP) and pp38. The p38 protein as a loading control
was detected with anti-p38 antibodies. (B), SB at the concentrations that inhibits p38 does
not affect TNF-α induced ICAM-1 expression. Cells were treated with SB (0.5 and 1 μM)
for 60 min followed by TNF-α for 20 h. –TNF represents cells without TNF treatment.
ICAM-1 was detected by Western-blot with its antibodies. β-actin was used as a control for
protein loading. (C), Effect of different concentrations of SB on TNF-α-induced CAMs.
Cells were treated with TNF-α for 5 h in absence (0 μM) or presence of SB (0.5 μM, 1 μM
or 10 μM). The mRNA levels of CAMs were determined by qRT-PCR. The mRNA level of
each gene determined from control (SB 0) experiment was taken as 100%. Results are mean
± SD of three independent experiments. (D), Effect of SB on different concentrations of
TNF-α induced CAM expression. Cells were treated with 10 ng/ml or 50 ng/ml TNF-α in
the absence (CON) or in the presence of 1 μM of SB for 5 h. The mRNA levels of CAMs
were determined by qRT-PCR. The mRNA of each gene determined from control
experiment was set as 100%. Results represent mean of duplicate assays. (E), Effect of SB
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on TNF-α-induced expression of CAMs at different incubation times. Cells were treated
with 10 ng/ml TNF-α in the absence (Con) or in the presence of 1 μM SB as indicated for
different times. The mRNA levels of CAMs were determined by qRT-PCR. The mRNA of
each gene determined from control experiments was set as 100 %. Results are mean ± SD of
three independent experiments.
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Fig. 4. siRNA down-regulation of p38α and p38β did not affect TNF-α-induced CAMs

Author Manuscript

(A), Cells were treated with siRNA p38α (Siα), siRNA p38β (Siβ) or control siRNA (Con).
The efficiency of p38 knockdown was analyzed at the protein level in the absence of TNF-α
(-TNF) or at the activity level in the presence of TNF-α (+TNF) with the antibodies as
indicated. Actin was used as a loading control. The experiment was repeated at least three
times with similar results. (B), Cells were treated with siRNAs as described in (A) followed
by incubation with (+TNF) or without (−TNF) TNF-α for 24 h. The expression of ICAM-1
and p38α was determined by Western-blot. The data are representative of the experiments
performed three times with similar results. (C), Cells were treated with siRNA as described
in (A) followed by incubation with TNF-α for 5 h. The mRNA of each gene determined
from control siRNA (Con) experiment was taken as 100%. Results are mean ± SD of three
independent experiments.
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Fig. 5. Characterization of ESC-differentiated cells

(A), Undifferentiated p38α+/+ESCs. (B), The monolayers of differentiated p38α+/+ cells
and p38α−/− cells have similar morphology (only p38α+/+ cells are shown). (C, D),
Identification of ECs by immunostaining of PECAM-1 in differentiated p38α+/+ and p38α
−/− cells. (E), Undifferentiated p38α+/+ and p38α−/− ESCs grow in aggregates on matrigel
(only p38α+/+ ESCs are shown). (F, G, H), Differentiated p38α+/+ and p38α−/− cells form
network structures on matrigel after 24 h incubation, similar to HUVECs that were used as a
positive control. The cells were examined and photographed with either a CKx31SF
Olympus phase contrast microscope (100×, A, B, E–H) or with a LSM 510 confocal
microscope (400×, C, D).
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Fig. 6. TNF-α-induced CAM expression in ESC-differentiated p38α+/+ and p38α−/− cells and
effects of SB

(A), ESC-differentiated p38α+/+ and p38α−/− cells were treated with (TNF) or without
(CON) 20 ng/ml mouse TNF-α for 24 h. (B), ESC-differentiated p38α+/+ cells were treated
with (TNF) or without (CON) 20 ng/ml mouse TNF-α for 24 h. To test the effect of SB,
cells were treated with SB (1 μM) for 60 min followed by TNF-α (TNF+SB) for 24 h. The
mRNA of each gene determined from control siRNA (CON) experiments was taken as
100%. Results are mean ± SD of four independent experiments.
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Fig. 7. NF-κB inhibitors activated p38 and blocked TNF-α-induced CAM expression
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(A), Activation of p38 by PDTC in long-term treatment. Cells were treated with TNF-α, SB,
PDTC, or in combinations as indicated for 24 h under the same condition described in Fig.
2. p38 activation was indicated by pHSP27 (pHSP). The p38 protein was detected with antip38 antibodies as loading control. (B), Time course of p38 activation by PDTC (100 μM),
(C), Dose dependent activation of p38 by different concentrations of PDTC in cells treated
for 2 h. (D), MG inhibited Iκ-B degradation and resembled PDTC in p38 activation. CON,
control cells without treatment; TNF, cells treated with TNF-α for 15 min; TNF+MG, cells
pretreated with MG (10 μM) for 60 min followed by TNF-α for 15 min; MG, cells treated
with MG for 0.5, 1 or 2 h. NF-κB inhibition was indicated by Iκ-B degradation. MG
inhibited TNF-α-induced Iκ-B degradation and caused accumulation of phospho-I-κB
(upper band, TNF+MG). p38 activation was indicated by pHSP27 (pHSP). (E), MG and
PDTC completely inhibited TNF-α induced CAMs. TNF, cells treated with TNF-α for 5 h
as control; TNF+MG, cells treated MG (10 μM) for 60 min followed by TNF-α for 5 h; TNF
+PDTC, cells treated with PDTC (100 μM) for 60 min followed by TNF-α for 5 h. The
mRNA levels of CAMs were analyzed by qRT-PCR. The mRNA level of each gene
determined from control experiments (TNF) was taken as 100%. Results are mean ± SD of
three independent experiments.
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